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SPECKLE REDUCTION METHOD AND APPARATUS 



FIELD OF THE INVENTION 

This invention relates to the reduction of speckle noise in optical systems 
comprising imaging optics, in which a coherent light source is used. 

BACKGROUND OF THE INVENTION 

5 A common difficulty associated with the use of coherent light sources 

such as lasers in imaging optical systems is a phenomenon known as speckle. 
SpeckJe arises when coherent light scattered from a rough surface is detected by 
an intensity detector that has a finite aperture, such as an. observer's eye or a 
detector. The image on the screen appears to be quantized into little areas with 

10 sizes equal to the detector resolution spot. The detected spot intensity varies 
randomly from darkest, if contributions of the scattering points inside the spot 
interfere destructively, to brightest if they interfere constructively. This 
spot-to-spot intensity fluctuation is referred to as speckle. The resultant speckled 
light signal on the detector appears as spatial and temporal noise in whatever 

15 sensor is used in the imaging system- 
Speckle reduction is known to involve averaging a number of independent 
speckle configurations, i.e. obtained from different un-correlated and 
non-interfering reflecting beams. Since speckle depends on essentially three light 
parameters: angle, polarization, and wavelength of the illuminating laser beam, 

20 independent speckle configurations can be generated through the diversification 
of any of these three light parameters. To solve the problem of speckle, many 
attempts have been made, mostly based on angle diversification, obtained by 
means of diffiisers and/or movable optical elements, or by means of polarization 
diversification. 



-2- 



Jn U.S. Patent No. 4,155,630 to Ih, there is disclosed a process and 
apparatus for improving image creation in a coherent light imaging system which 
involves directing a diffused light onto a mirror having a rocking motion 
whereby angle diversification is obtained. The rocking motion causes the 
5 reflected rays to sweep a two-dimensional area and focus the reflected light 
through a difiuser before collimating the rays for use in image creation. Applying 
a combination of voltages to three independent piezo-electric crystals upon 
which the mirror is mounted produces the rocking motion of the mirror. 

US Patent No. 6,081,381 to Shalapenok, et al., describes a method and 

10 apparatus f or e liminating s peckle i n an o ptical s ystem b y angle diversification 
obtained by the use of a difiuser and by a rotating micro-lens array having a 
rotational speed related to the laser parameters. The micro-lens illumination 
comes off of a stationary difiuser and eventually provides a large area that is 
uniform and speckle free illumination. 

15 U.S. Patent No. 4,511,220 to Scully, discloses a laser target speckle 

eliminator for laser light reflected from, a distant target whose roughness exceeds 
the wavelength of the laser light. The apparatus includes a half-plate wave 
member, a first polarizing beam splitter member, a totally reflecting right angle 
prism, and a second polarizing beam splitter member, all of which are in serial 

20 optical alignment. Used in combination, the components convert a linearly (i.e., 
vertically) polarized laser light beam having a known coherence length, into two 
coincident, orthogonally polarized beams that are not coherent with each other. 
The resultant beams have an optical path difference exceeding the known, 
coherence length of the laser, thereby eliminating the speckle in that system. 

25 In US 6,577,394 to Zavislan, there is disclosed a scanning laser confocal 

microscopy system for reducing speckle from scatterers that exist outside (above 
and below) the section which is being imaged by utilizing orthogonally polarized 
sheared beams. The sheared beams are focused to spots that are laterally or 
vertically offset. The polarized beams have opposite senses of circular 

30 polarization. 
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SUMMARY OF THE INVENTION 

In accordance with the present invention, there is provided a method and 
apparatus for speckle reduction in an. imaging system using coherent light, 
particularly useful for determining the surface profile of a non-flat 
5 object/specimen by confocal i maging. Top erform s uch i maging, t he apparatus 
typically comprises a confocal aperture and means for focusing an incident beam 
at a plurality of axial locations. In such imaging, also known as confocal 
microscopy, speckle is particularly problematic because the confocal imaging 
process requires focusing laser light on the specimen surface when the most 

10 speckle occurs. 

Thus, the apparatus of the present invention comprises a coherent light 
source for producing a light beam, imaging optics adapted to focus the light 
beam into at least one spot on a surface of a specimen, and a detector having an 
integration time, adapted to receive and detect light reflected from the surface; 

15 the imaging optics comprising at least one optical component located so that the 
light reflected from the specimen surface passes therethrough on its way to the 
detector, the optical component being movable so as to move the at least one spot 
to a number of distinct locations in a plane perpendicular to the optical axis 
within the detector's integration time. 

20 The method of present invention for the confocal imaging a non-flat 

specimen comprises: 

providing an apparatus comprising a source of coherent light and a 
detector; 

focusing the coherent light into at least one spot on a surface of the 
25 specimen by means of imaging optics comprising a movable optical component; 

directing light reflected by the surface toward the detector via the 
movable optical component; 

detecting the light by the detector; and 

moving the movable optical component so as to move the at least one 
30 spot to a number of distinct locations within the integration time of the detector. 



The movement of the optical component is such that a distance between 
two spot locations that are maximally remote from each other does not exceed 
the lateral resolution of the apparatus. 

The lateral resolution of the apparatus is the minimum lateral distance 
5 between two adjacent points on the specimen for which the apparatus can 
distinguish a difference in. height. 

Due to the specific location of the movable optical component of the 
present invention which ensures that both the incident and reflected light passes 
therethrough, the detector does not feel the movement of the optical component, 
10 i.e. the detected image is static. 

During the movement of the optical component as defined above, the 
spot is moved from one location to another. This results in obtaining a number of 
independent speckle configurations corresponding to the number of the distinct 
locations of the spot, which are averaged by the detector over its integration time. 
15 The confocal imaging apparatus of the present invention preferably 

comprises a beam-splitter and the imaging optics include a collimating lens and 
an objective lens, where at least the objective lens is disposed between the 
beam-splitter and the specimen. 

The movable optical, component referred to above may be the objective 
20 lens itself or an additional element located between the beam splitter and the 
specimen. Such addi tional element may be a transparent wedge or a mirror. 

The movement of the optical component may be regular or irregular. One 
example of the regular movement of the optical component is one that causes the 
spot on the specimen surface to follow a circular path around the location of the 
25 center of the spot if the optical component were static. A circular movement of 
the objective lens may accomplish this circular path, i.e. the center of the lens 
moves in. a circle about the optical axis. 

The invention may be applied equally well to multi-spot confocal systems 
such as in a confocal scanning apparatus disclosed in the Applicant's publication 
30 WO 00/08415. There, the laser light beam is divided into a plurality of beams to 
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obtain a plurality of spots on the specimen surface. In such apparatus, the 
movable optical element in accordance with the present invention, will move 
each of the spots in the manner described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 In order to understand the invention and to see how it may be carried out 

in practice, preferred embodiments will now be described, by way of 
non-limiting example only, with reference to the accompanying drawings, in 
which: 

Fig. 1 is schematic view of a confocal scanning system as known in the 

10 art; 

Fig. 2 is schematic view of a confoca] scanning apparatus according to an 
embodiment of the present invention; 

Fig. 3 is schematic view of a confocal scanning apparatus according to a 
different embodiment of the present invention; 
15 Fig. 4 is schematic view of a confocal scanning according to a further 

embodiment of the present invention; and 

Fig. 5 is schematic view of a confocal scanning according to still further 
embodiment of the present invention, 

DETAILED DESCRIPTION OF THE INVENTION 

20 Fig. 1 shows a typical apparatus for determining a 3-D profile, or 

topography, of the surface of an object/specimen, e.g. a tooth, at a desired lateral 
and axial resolution. The apparatus is a confocal imaging system comprising a 
laser 10, which constitutes a source of coherent light 12; a coIJimating lens 14 
disposed in front of the laser for collimating the emitted light into a beam 16; a 

25 beam splitter 18 through which the colJimated beam 16 passes; an optical 
imaging component in the form of an objective lens 20 for focusing the light 
beam into a beam 17 (hereinafter 'incident light beam'), on a non-flat specimen 
22 whose topography is to be determined. The above components are disposed 
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along an optical axis A. The specimen. 22 is shown in. a perspective view to 
emphasize that it contains a depth (in Z-direction coinciding with the optical axis 
A) as well as a length and a width (in an X-Y plane perpendicular to the optical 
axis A). The incident light beam 17 that illuminates specimen 22 and forms 
5 thereon a spot 38, is reflected back through lens 20, producing a reflected beam 
19 which passes through the lens 20 towards the beam splitter 18. The apparatus 
further comprises an image detector 30 having an integration time, and a 
focusing lens 26 and a confocal aperture or pinhole 28 disposed between, this 
detector and the beam splitter so that the beam 19 is reflected by the beam splitter 
10 18 towards the detector 30 passes through the focusing lens 26 and the pin-hole 
28. 

When the specimen 22 is scanned axially (Z-axis), either by axial 
displacement of the specimen, or by axial displacement of the objective lens 20, it 
will take positions at which the incident light beam 17 will or will not be focused 
15 on its surface. In the latter case, the reflected light 19 will be partially blocked by 
the pinhole 28 thus producing a low intensity signal at the detector 30. As the 
specimen 22 gets closer to an m-focus position, the amount of light passing 
through the pinhole 28 increases, yielding a maximum signal from the detector 
30 at the best focus. 

20 The intensity of the signal is thus related to the depth, (i.e. along the 

Z-axis) of a scanned point. By imaging at a number of depths (Z-coordinates) an 
intensity profile can be obtained, which is known as an. Optical Section Profile 
(OSP) 34. The peak of the OSP 34 yields the relative depth, or position, of the 
surface point on the specimen being scanned. Repeating the depth scanning 

25 process f or e very X and Y I ocation o n t he sp ecimen surface yields a full 3-D 
profile, or topography, of the specimen. 

The phenomenon of speckle m the reflected light results in a noisy OSP 
34, seen as wavy lines 36 in Fig. 1, impairing the accuracy of the depth 
coordinate determination. The nearer to focus the scanning spot 38 is on the 

30 specimen 22, the stronger the speckle contrast becomes, hence the noise recorded 
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by the detector 30 is more significant at the peak of the OSP 34 where it is most 
unwanted. 

Fig. 2 illustrates a first embodiment of the present invention, where in an 
apparatus similar to that shown, in Fig. J., the objective lens 20 has an. associated 
5 movement mechanism 40 for producing movement of the lens, as indicated by 
arrows 42 and 44. A possible movement mechanism 42 may be piezo-electric 
actuator. 

The movement of the objective lens 20 is in a periodic manner so that the 
same path made by a spot 48 on the specimen is repeated at a certain rate. In this 

10 path, the spot 48 is moved so as to visit distinct locations within an area 46 of the 
specimen 22. This path may have any shape, e.g. be circular, oval, square, 
rectangular, polygonal, non-regular, etc. Spot trace 47 in Fig. 2 is an example of 
the footprint of a circular path taken, by the spot 48 produced by the movement of 
the objective lens 20. A circular movement of the objective lens 20 may 

15 accomplish this circular path, i.e. the center of the lens moves in a circle about 
the optical axis A. 

The length of the path of the spot 48 is preferably as large as possible, to 
provide a greater number of independent speckle configurations, corresponding 
to the number of locations, for maximum statistical sampling. However, the 

20 distance between the most remote spot locations during the spot's movement 
shall be smaller than the lateral resolution of the apparatus. The lens movement is 
synchronized to the integration time of the detector 30 such that the averaging of 
the independent speckle configurations may be performed over one full period of 
spot movement, or a portion of it. 

25 The detector 30 averages out these independent speckle configurations, 

thereby yielding a relatively smooth OSP 49, as shown, in Fig. 2, The averaged 
signals collected during the integration time may be recorded automatically by 
known means and will not be discussed fiirther. 

The activities described above should be repeated to produce a relatively 

30 smooth OSP 49 at each scanned point, to determine the specimen's roughness, or 
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topography. 

Fig. 3 illustrates an apparatus in accordance with another embodiment of 
the present invention, which is similar to the apparatus described above with 
reference to Fig. 2, with the difference being in that it includes a movable optical 
5 element in the form of a transparent wedge 50, made for example of glass, 
disposed between the beam splitter 18 and the objective lens 20, with the latter 
being static. The wedge 50 is rotatable to stir the incident beam 17 in an angle, 
thereby giving rise to a corresponding movement of the spot 38 on the specimen 
22 being scanned, as discussed in connection to Fig. 2. 

10 It should be understood that the wedge 50 is merely an example of a 

refracting optical element whose rotation can produce a suitable angle 
diversification of the incident beam 17. Clearly, such element may have any 
other appropriate shape. 

Fig. 4 shows at) apparatus according to a further embodiment of the 

15 present invention, which is similar to the apparatus described above with 
reference to Fig. 2, with the difference being in that it comprises a rotatable 
reflecting optical element in the form of a mirror 60 (preferably a dual axis 
mirror) located between the beam splitter 18 and the objective lens 20, with the 
latter being static. 

20 The movement of the mirror 60 moves the collimated incident beam 17 in 

angle thereby giving rise to a corresponding movement of the laser spot on the 
specimen 22. 

A fundamental virtue of the apparatus of the present invention is that, 
although there are moving optical components (e.g. the objective lens 20, the 

25 wedge 50 and the mirror 60) causing a spot to move accordingly on the specimen 
22, there is no loss in the imaging (or confocal measurement) quality. The 
detector 30 does not observe the motion of the light spot on the specimen 22 
since the reflected beam 19 passes back through the moving optical component 
(objective lens 20, wedge 50 and mirror 60). Thus, the spot on the detector 

30 remains a stationary diffraction limited spot. 
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Fig. 5 illustrates a further embodiment of the present invention wherein a 
multi-spot parallel confocal system is used, of the kind disclosed in Applicant's 
publication WO 00/0841 5. In this system, a grid or spot array 70 illuminates the 
specimen 22 (shown as a tooth in Fig. 5) and each spot 70n of the array axially 
5 scans the specimen to produce a relatively smooth OSP 49n of the corresponding 
X-Y area 46n on the specimen 22. In other words, each illuminating spot 70n m 
the array 70 undergoes a depth scan.. 

As seen in Fig. 5 a single laser beam 72 is collimated and passes into a 
micro-lens array 74 comprising a plurality of micro-lenses 74n. T he array 74 

10 generates spots at the focal points of the micro-lenses 74, one spot per 
micro-lens, correspondingly producing the desired spot anray 70. The spot array 
70 is directed onto the specimen 22, via a beam, splitter 75 using magnifying 
optics including a source objective lens 76 and a specimen objective lens 78. 
The reflected light is directed, via the same lenses 76 and 78 and the beam 

15 splitter 75, toward a detector 82 having an ajray of n detector elements and 
having n. pinholes 80 corresponding to the micro-lenses 7 4n of the micro-lens 
array 74. 

A relatively smooth OSP 49n is generated from each detector element of 
the detector array 82, and thus the Z-coordinate is determined, at each 
20 corresponding X-Y area 46n. Again, the confocal scanning is obtained by 
moving the specimen objective lens 78 along the Z-axis over the desired depth of 
scan. 

Any of the speckle reduction embodiments described hereinabove with 
reference to Figs, 2 to 4, may be applied to the multi-spot confocal apparatus. 

25 It can be appreciated that the above-described speckle reduction apparatus 

and method can be realized in a variety of embodiments and that those described 
hereinabove are merely examples. For example, other optical components may 
be suitable for moving an incident beam on a specimen in order to reduce 
speckle. Further, the above mentioned components may be used in combination 

30 with each other - or with other optical components. 



